Abstract -The hypothetical involvement of H 2 O 2 in dexamethasone-mediated regulation of muscle cell differentiation and elimination was studied. Rat L6 myoblasts and mouse C2C12 satellite cells were chosen for acute (24 h) and chronic (5 or 10 day) experiments. Mitogenicity and anabolism were both affected by H 2 O 2 . Micromolar concentrations of H 2 O 2 inhibited DNA while stimulating protein synthesis. At the millimolar level, H 2 O 2 led to cell death by apoptosis. Synthetic glucocorticoid -dexamethasone (Dex) was shown to effect muscle cell fate similarly to H 2 O 2 . Chronic treatment with H 2 O 2 or Dex dose-dependently accelerated either the formation of myotubes or cell elimination. Dexinduced cell death slightly differed from classical apoptosis and was featured by the symptoms of cell senescence such as extensive cytoplasm vacuolisation, accumulation of inclusion-bodies and lack of low molecular weight oligonucleosomal DNA fragmentation but chromatin condensation. Antioxidants (sodium ascorbate, N-acetyl-L-cysteine, catalase) abrogated Dex-dependent cell death. We conclude that H 2 O 2 directly influences myogenesis and muscle cell elimination. Moreover, H 2 O 2 can be considered as the potent mediator of glucocorticoid-dependent effects on muscle cells. muscle cell / hydrogen peroxide / differentiation / cell death Reprod. Nutr. Dev. 42 (2002) 197-216 197 
INTRODUCTION
Over a century ago, the concept of hormesis postulated that biological systems are regulated by unknown molecules that at low doses stimulate but cause inhibition at higher levels or act in a reverse order [12] . Despite several attempts, neither an adequate explanation nor a mechanism of hormesis has been described. The most common dose-response curve showing hormesis is the b-curve with an upward-curving for elevated doses (at low range) followed by a downward-curving at a higher range of factor concentration. In this paper, we hypothesise that hydrogen peroxide is involved in the hormetic feature of curves illustrating cell responses to signals modulating cell growth, differentiation and death of muscle mononuclear cells.
Cellular signalling pathways could be considered as components of intracellular circuits that are generated by protein networks [41] . There are several examples cited in the literature that confirm the paradigm of rather different biological effects triggered by the stimuli of the same origin. For instance, insulin and IGF-1 are potent mitogens leading to the proliferation of myogenic cells, although the same cytokines enable muscle cell differentiation and myogenesis [39, 40] . Thus qualitative differences in the final decision whether the cell would divide or differentiate might also be associated with the diversification of signalling pathways. These experiments showed that the biological outcome (proliferation vs. differentiation) is determined by the quantitative modulation of the signal threshold [29] .
There are some indications that hydrogen peroxide (H 2 O 2 ) might be seriously predisposed to the role of the regulatory molecule, which enables protein modifications (directly by oxidation and indirectly by phosphorylation) and fluctuations of RTKs activity as well as downstream protein tyrosine kinases (PTKs) and other signalling molecules (docking or adaptor proteins, transcription factors). In response to certain stimuli, some cells can instantly form H 2 O 2 intracellularly [4] . At the same time, H 2 O 2 plays an active role in the control of multiple cellular processes. Even though the balance between the various stimulatory and inhibitory responses will ultimately determine the strength and duration of the signalling cascades following their initiation, H 2 O 2 could be a moderator of such responses. The important issue, however, is the explanation of how molecules of H 2 O 2 may either stimulate proliferation vs. differentiation or inhibit proliferation vs. differentiation. It is conceivable that the biological effects of H 2 O 2 on cell growth might be influenced by the average abundance of this molecule. The oxidative property apparently determines the intracellular activity of H 2 O 2 even though H 2 O 2 is neither a free radical nor a strong oxidant. A growing body of evidence suggests that elevated levels of oxidation by H 2 O 2 modulates growth performance by impact on cell proteins and gene expression [33] . It is thought, that cellular responses to higher concentrations of H 2 O 2 (oxidative stress) includes desensitisation to insulin [16] , growth retardation and finally cell death. Harmful effects of H 2 O 2 and other ROS on the tissue level have been suggested to be the main causes of aging [17] . Free radicals of mitochondrial origin are especially important due to oxidative damage in mitochondrial DNA [7] , although deleterious effects of H 2 O 2 to the cell seem to be dependent on concentration rather than the "place of birth" [14] . The action of H 2 O 2 might be a causal factor where a similar input can therefore generate a different output in a different cellular context. In order to conceive the existence of such a feedback mechanism related to the regulation of muscle cell development at the molecular level, one should admit the generation of hydrogen peroxide at substantially different amounts. In recent years, it has become apparent that H 2 O 2 can be formed directly or indirectly at different contrary, degenerative changes caused by ROS are best manifested in post-mitotic cells [31] . In this paper we addressed the question of how H 2 O 2 influences growth, differentiation and death of muscle cells and whether H 2 O 2 contributes to the glucocorticoid-dependent regulation of myogenesis. A clonal line of L6 muscle cells or C2C12 mouse satellite cells were subjected to this study because these cells are ideally suited to the examination of dose-response effects of H 2 O 2 .
MATERIALS AND METHODS

Media and reagents
All reagents such as trichloroacetic acid (TCA), bovine serum albumin (BSA), dexamethasone, 7'-amino-actinomycin D (7'-AAD), sodium ascorbate (ASC), N-acetyl-L-cysteine (NAC), hydrogen peroxide (H 2 O 2 ), catalase typical bovine (CAT), dimethylsulphoxide (DMSO), proteinase K, RNase A from the bovine pancreas and Lambda DNA EcoRI HindIII Digest were cell culture tested, of high purity, and unless otherwise stated they were purchased from the Sigma-Aldrich Chemical Co. (St. Louis MO, USA). The reagents were dissolved according to the producer's recommendations and stored as stock solutions (1000-fold the highest working concentration). Serum, media and antibiotics were from Gibco Life Technologies (Paisley, United Kingdom). Phosphate buffered saline (PBS) and ultra pure agarose were also obtained from Gibco BRL (USA). Reagents were prepared freshly prior to the experiments and added as 0.1% (v/v) of the final volume.
Cell culture
Rat L6 muscle cells and the murine C2C12 myoblastic cell line (satellite cells) purchased from the European Collection of cellular localisations (plasma membrane, cytosol, mitochondria, peroxisomes, nucleus) by several enzymes and enzyme complexes. Superoxide dismutases (Cu-Zn SOD; MnSOD; EC SOD) are specifically involved in the synthesis of H 2 O 2 , whereas several other enzymes that generate the superoxide anion radical i.e. NAD(P)H oxidases (low and high output synthases), xanthine oxidase (XO), cyclooxygenase or lipooxygenase indirectly provide the main substrate to SODs for H 2 O 2 synthesis [11] . Additionally, hydrogen peroxide is the intermediate of the respiratory chain reaction where oxygen is gradually reduced to water (H 2 O). H 2 O 2 is also the product of other oxidoreductases (cytochrome p450). Certain amounts of H 2 O 2 formed in the mitochondria, microsomes and peroxisomes leak to the cytosol and are immediately subjected to reduction by antioxidant systems. Thus, as it has been shown, the abundance of H 2 O 2 does not ultimately result from its de novo synthesis but it could also be the outcome of the impaired antioxidant status of the cell. There is good evidence that the catalytic efficacy of antioxidant enzymes e.g. glutathione peroxidase (GPx) and/or catalase is critical to limit intracellular H 2 O 2 level within certain limits that back up the vital processes within the cell. According to this view, Briehl et al. [10] demonstrated that cell lines of lymphoid origin are susceptible to dexamethasone-induced disturbances in redox homeostasis. In a series of in vitro experiments these authors have shown that dexamethasone represses the activity of genes encoding antioxidant enzymes leading to impaired viability and apoptotic cell death [5, 9] . Our own in vivo study performed on rats corroborates the working hypothesis that high doses of glucocorticoids are involved in the suppression of antioxidant defense systems and lead to growth retardation and muscle cachexia [34] . Muscle cells proliferate in growth-promoting conditions while becoming post-mitotic and fusing into multinucleated myotubes when deprived of serum mitogens. On the 199 Animal Cell Cultures (ECACC) were maintained in the exponential phase of growth (20% (v/v) FBS/DMEM with Glutamax) designed as GM (growth medium) supplied with an antibiotic-antimycotic mixture (Penicillin G sodium salt 50 IU . mL -1 , Streptomycin sulphate 50 mg . mL -1 Gentamycin sulphate 20 mg . mL -1 Anti PPLO agentTylocine base 6 mg . mL -1 FungizoneAmphotericin B 1 mg . mL -1 ), in a controlled humidified air atmosphere supplied with 5% CO 2 , at 37°C.
Experimental procedure
Prior to each medium replacement, the cells were washed twice with phosphate buffered saline with Ca 2+ and Mg 2+ (PBS+). During propagation, the medium was changed every other day. Confluent cells (fully covering surface dish) were then guided to a post mitotic status, and differentiation and fusion were initiated by replacing GM with 2% (v/v) horse serum HS/DMEM designed as DM (differentiating medium). In the above mentioned conditions L6 myoblasts (12 days) and C2C12 satellite cells (5 days) can easily and fully differentiate into myotubes, therefore we could follow up on modifications of the differentiation process during subsequent days. Freshly prepared media without or with the experimental factors were changed every 24 h during acute or chronic studies performed on C2C12 muscle cells or every other day during a chronic study on L6 myoblasts. Cells were propagated in a multiwell (24 or 96) or in multiwell (8) LabTek Chamber Slide w/Cover (Permanox Slide Sterile, Nalge Nunc International, Naperville, IL, USA). During the acute study the cells were initially grown until they reached 60% confluence while 100% confluence had to be achieved for chronic treatments. Subsequently, the cultures were treated for 24 h (acute treatment of L6 myoblasts) or 10 days (chronic treatment of L6 myoblasts) or 5 days (chronic treatment of C2C12 satellite cells) with increasing doses of experimental factors (control cultures received 2% HS/DMEM).
Mitochondrial respiration (viability)
Based on the mitochondrial function, the assessment of cell viability was evaluated on the basis of the ability of cells to convert soluble MTT (3-[4,5-dimethylthiazol-2-yl]-2-5-diphenyltetrazolium bromide) into an insoluble purple formazan reaction product. This was done with minor modifications to the protocol described by Jacobson et al. [22] . For this assay, the cells were plated into 96-well plates at 5 ´10 3 cells per well in 100 mL complete medium (2% HS/DMEM) with or without the experimental agents, and for the last 4 h of incubation these media were supplied with 100 mL of an MTT working solution (0.5 mg . L -1 DMEM without phenol red, sterilised by filtration). The medium was aspirated and formazan was dissolved by addition of 100 mL dimethylsulfoxide (DMSO, Merck). The absorbance (570-630 nm) was measured with an ELISA Reader type ELx808, BIO-TEK Instruments (USA). Percent viability (MTT conversion into purple formazan against a control value of 2% FBS/DMEM) indicates the rate of cell viability (mitochondrial respiration).
Cytochemistry
Cytotoxicity of H 2 O 2 was strictly associated with cell death, which was confirmed by microscopic observations using a phasecontrast microscope (Olympus BX-20), or a BX-60 Olympus fluorescence microscope equipped with a PM20 automatic photomicrographic system after serial staining of living and dead cells. Morphological evaluation of the treated myoblasts was performed with labelling of DNA by both propidium iodide with RNase followed by Hoechst 33342 staining to distinguish live, 200 cells were centrifuged (10 000 g, 10 min, 4°C) the supernatant was aspirated, the whole cell lysates were prepared by triturating in 15 mL of sterile de-ionised water and were vortexed for 1 s. Six microliters of an RNase A solution (10 mg . mL -1 in 10 mM Tris, 15 mM sodium acetate, pH 7.5, previously heated at 95°C for 15 min) were added to each tube. The samples were mixed and incubated in a water bath at 56 °C for 1 h. Proteinase K (20 mg . mL -1 ) was added to the gel cooled to 55°C. Running and digestion gels were prepared by dissolving 1.8 g or 0.6 g agarose in TAE buffer 1.8% (w/v) (10 mM Tris, 10 mM sodium acetate, 1 mM EDTA), respectively. Ten microliters of loading buffer (40% sucrose in water, 0.25% bromophenol blue (w/v)) were added to the cell lysates and vortexed. When the gel became solid, 15 mL of each sample were transferred into each well. One microliter of l DNA EcoRI HindIII Digest (125-21 226 bp; Sigma Chemical Co., St. Louis, MO, USA) mixed with 10 mL TAE and 5 mL of the loading buffer was applied to each gel to provide a size marker. Electrophoresis of DNA was initially performed with 2 V . cm -1 (20 Volts) for 1 h, followed by 3 h with 8 V . cm -1 (80 Volts) with TAE as a running buffer. After completion of electrophoresis, the gels were stained for 20 min with ethidium bromide (1 mg . mL -1 ) followed by 5 min washing with de-ionised water. The gels were then UV illuminated and photographed with the Biometra BioDoc II video imaging system (USA). Analysis was repeated with the use of the remaining sample material.
Determination of intracellular H 2 O 2
Reactive oxygen species were detected in situ with the use of 2',7'-dichlorofluorescein-diacetate (DCFH-DA) (Molecular Probes Inc.). DCFH-DA was dissolved in absolute ethanol at a concentration of 10 mmol . L -1 and kept frozen under gaseous N 2 .
necrotic, early-and late-apoptotic cells based on the method described by Abu-Shakra et al. [1] . In ultraviolet light, one thousand nuclei in total were counted in ten (or more if necessary) randomly chosen visual fields per slide (if possible, since some treatments were accompanied by extensive cell detachment) and cells were qualified as follows: regular oval shaped blue nuclei (live cells); partially shrunk blue nuclei (early apoptotic) or condensed white-blue nuclei (late apoptotic); regular oval shaped or condensed pink nuclei (dead cells regardless of origin -apoptotic or necrotic).
Mitogenicity and anabolism
Simultaneous pulsatile labelling with [ 3 H]-methyl-thymidine and [ 14 C]-leucine (Amersham PLC, 1 mCi . mL -1 ) was used for 6 h prior to the end of the experiment (18-24th h of treatment) to determine both the proliferation assay (mitogenicity) and protein synthesis (anabolism). The TCA (5% w/v) precipitable fraction of cells was dissolved in 0.5 M NaOH/0.2% v/v Triton X-100 (24 h, 37 °C, 95% humidity), the solutions obtained were neutralised with equivalent concentrated formic acid (5 N HCOOH), mixed with a scintillation cocktail (Ultima Gold, Packard, USA) and counted in a Packard TRI-CARB 1600 CA b-counter. The results obtained in c.p.m. were expressed as % values (control = 100%).
Oligonucleosomal fragmentation of DNA
DNA fragmentation was detected on the basis of oligonucleosomes localised in the DNA, isolated from the cells representing treatments, which was further evidenced by microscopic observation of apoptosis. The cells cultured in Petri dishes (60 mm diameter) and treated with cytotoxic factors were removed with a cell scraper and mixed with medium. Briefly, approximately 1 ´10 6 the 201 L6 muscle cells were propagated in a multiwell (8) Lab-Tek Chamber Slide w/Cover (Permanox Slide Sterile, Nalge Nunc International, Naperville, IL, USA) and treated (or untreated) with experimental factors present in the differentiation medium (2% HS/DMEM). On culture day 3, the cells were washed twice with PBS+ (including Ca 2+ and Mg 2+ ) and the wells were filled with 200 mL PBS containing 0.1% BSA (w/v). A volume of stock solution of DCFH-DA was added to a final concentration of 10 mM and the cells were incubated at 37°C for 1 h. In order to select the death cells, the cells were stained with 7'-AAD (5 mg . mL -1 ) for the last 45 min (alive cells resist staining of nuclear DNA). The cells were removed from the incubator, washed with PBS and mounting medium was used to avoid quenching and the cells were covered with cover slips. The cells were visualised using a FV-500 Confocal system (Olympus Optical Co., Hamburg, Germany). A 488 nm and 543 nm He-Ne laser beam provided the fluorescence excitation. The fluorescence was measured using dichroic mirrors and filters for 505, 525 nm, 560 and 610 nm wavelengths. Acquired data were stored in a series of 12 bit grey images, separately for each channel and were coloured artificially by software. The images were gathered as single slides. The data gathered were then stored in 24 bit TIFF format and transferred to Microimage software (Olympus Optical Co. Hamburg, Germany) for colour analysis. The fluorescence intensity for treated cells was determined and compared with control cells (0.1% BSA/PBS). Additionally, a positive control was ascertained with 1 h H 2 O 2 (100 mM) pre-treatment so as to prove the specificity of DCFH-DA to detect H 2 O 2 .
Ultrastructural studies
The cells were fixed in 2% para-formaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 2 h at 4°C. After fixation they were washed in the same buffer and post-fixed with 1% OsO 4 in 0.1 M sodium cacodylate buffer for 1 h. The cells were dehydrated in a graded ethanol alcohol series, and embedded in Epon 812. Ultrathin sections were stained with uranyl acetate and lead citrate and examined and photographed with a JEOL 1200XE electron microscope.
Statistical analysis
The results were statistically evaluated with one-way ANOVA and the Tukey multiple range test if compared to the control treatment, or by two-way ANOVA with the Benferroni post-test to compare replicate means between the treatments. These analyses were done using the GraphPad Prism TM version 2.00 software (GraphPad Software Inc., San Diego, CA, USA). In order to show the quantitative differences, arbitrary units: % of control values [experimental value/control value ´100] were used. The means within the reference treatment that differ at least significantly (P < 0.05) are marked by different lowercase letters. The means that differ statistically between the treatment means and the reference treatment are marked with asterisks (* P < 0.05; ** P < 0.01; *** P < 0.001). Each experiment was carried out in triplicate and was repeated at least twice.
RESULTS
Hydrogen peroxide (H 2 O 2 ) at the concentrations of 1, 10 and 100 mM significantly stimulated protein synthesis in L6 muscle cells by 52%, 90% and 54%, respectively (Fig. 1) . Simultaneously, mitogenic response to H 2 O 2 was unaltered but at the higher concentration (100 mM), H 2 O 2 significantly reduced DNA synthesis (mitogenicity) by 22% (Fig. 1) . We postulated that at micromolar concentrations H 2 O 2 exerts an anabolic effect, although above 100 mM H 2 O 2 is apparently antimitogenic. 202 cytochemical analyses were based on serial staining of nuclear DNA with fluorochromes (data not shown). The apoptotic index was calculated for control and experimental treatments by scoring the number of apoptotic nuclei vs. all nuclei. Necrotic cells were found as reddish nuclei. In general, the cells which were detached and collected in suspension, were necrotic (anoikis), whereas those remaining on the Lab-Tek slides were alive or apoptotic. Almost 92% of the cells died by apoptosis after 1-day of treatment with 1 mM H 2 O 2 (data not shown). This result suggests that after reaching a certain level, H 2 O 2 induces massive apoptosis in rat mononuclear L6 myoblasts. Morphological criteria of apoptosis were corroborated by the presence of oligonucleosomal DNA in the electrophoregrams from wholecell lysates after addition of H 2 O 2 (1 mM) (Fig. 2) .
Substantial inhibition of the mitogenicity and protein synthesis were noticed at H 2 O 2 concentrations higher than 100 mM (Fig. 1) . These results indicate the possible suppression of muscle regeneration, hyperplasticity and hypertrophy in conditions favouring excessive hydrogen peroxide formation. Thus, the biological effects exerted by H 2 O 2 on rat L6 muscle cells seem to be dose-dependent. After 1 mM H 2 O 2 , the symptoms of apoptosis were evident when increased doses of SOD-1 led to the simultaneous elevation of mitogenicity and protein synthesis, while catalase was apparently antimitogenic and anabolic. Both enzymes when added simultaneously, ameliorated mitogenicity and protein synthesis, although without a dose-response appearance (Fig. 3) .
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Figure 3. The effect of 24 h of treatment with either SOD-1 (SOD) (1, 10, 100 U . mL -1 ) or catalase (CTT) (10, 100, 1000 U . mL -1 ) or both on mitogenicity and protein synthesis in L6 muscle cells. Typical results from two experiments performed in triplicates are shown as the means ± SEM.
Dexamethasone effect on muscle cells described for H 2 O 2 . At time-dependent increase of labelled leucine incorporation into the acid precipitable fraction of cellular proteins was observed for 2 nM or 10 nM of Dex for L6 myoblasts (Fig. 5) or C2C12 muscle cells (Fig. 6) In the present study we decided to verify the assumption that dexamethasone might influence muscle cell differentiation and death in cultures of either rat L6 myoblasts or C2C12 muscle cells and that these effects might be triggered or mediated by H 2 O 2 . Acute 24 h treatment of L6 muscle cells with Dex (1, 10, 100 nM) (Fig. 4) resulted in the similar picture of mitogenicity and anabolism as that found for H 2 O 2 ( Fig. 1) . Chronic treatment of L6 myoblasts (10 days) or C2C12 satellite cells (5 days) with dexamethasone also caused protein synthesis to be affected similarly to that reduction was observed after the initial drop (P < 0.001). It turned out that the attenuated or inhibited synthesis of cellular proteins by 200 nM or 1000 nM Dex in differentiating L6 myoblasts or C2C12 satellite cells, respectively, resulted from the impaired cell viability ( Fig. 7 ; P < 0.001). From day 4 up to day 10, certain structural changes featured cell death (membrane blebbing, shrinkage and vacuolisation of the cytoplasm, peripheral chromatin condensation) were observed by the phase-contrast microscope after 200 nM of Dex in L6 muscle cells in particular (Fig. 8) . Only a few patches of dead L6 cells were found after 20 nM of Dex at day 4, whereas extensive cell death was observed after 200 nM. In contrast to H 2 O 2 -induced cytotoxicity, after a 4-day treatment Dex (200 nM) did not induce oligonucleosomal fragmentation of DNA that could be detected in the wholecell lysates of L6 myoblasts (Fig. 9) . Furthermore, the ultrastructural studies revealed apoptotic-like cell death with tags of senescence caused by glucocorticoid excess such as an extensive vacuolisation, accumulation of inclusion-bodies and peripheral chromatin condensation (Fig. 10) .
A one-day experiment on post-mitotic L6 myoblasts with increasing doses of Dex (1, 10, 100 nM) brought a bar chart doseresponse picture of mitogenicity and anabolism that was strikingly consistent with the b-curve illustrating the concept of hormesis. At a low dose (1 nM), mitogenicity was stimulated by Dex by 24%, while at a higher dose (100 nM) this index was reduced by 20%. Protein synthesis was stimulated by 27% with 10 nM Dex but by 15% with 100 nM (Fig. 4) .
Following the observations of the cell death promoting activity of Dex, we evaluated the influence of antioxidants on the synthesis of cellular proteins inhibited by the high doses of Dex (200 nM). We chose sodium ascorbate (ASC; 0.1 or 1 mM), N-acetyl-L-cysteine (NAC; 0.1 or 1 mM) and typical catalase (CAT; 100 or 1000 U . mL -1 ). Sodium ascorbate (sodium salt of vitamin C) abrogated Dex-dependent inhibition of protein synthesis significantly after 0.1 mM and totally after 1 mM ( Fig. 11 ; P < 0.001). Similarly, the rate of protein synthesis reduced by Dex returned to control values or was stimulated on day 4, either with the highest dose of CAT (1000 U . mL -1 ) or after NAC (1 mM) ( Fig. 11 ; P < 0.001). Lower doses of CAT (100 U . mL -1 ) and NAC (0.1 mM) were ineffective in protecting L6 muscle cells against the impaired synthesis of proteins induced by 200 nM Dex. The above-mentioned observations evaluated by morphological criteria were mirrored by the efficacy of ASC to rescue from Dex-mediated cell death (Figs. 11 and 12 ). These findings may indirectly corroborate the working hypothesis of the mediating role of H 2 O 2 in the cytotoxic action of Dex excess. Moreover H 2 O 2 , Dex, Dex and antioxidants had a differential effect on the morphogenesis of the differentiating myoblasts; alterations in the view of cultured cells between the treatments could most likely result from the different amounts of H 2 O 2 formed. Fusion of L6 muscle cells was accelerated by 2 days with 2 nM Dex when confronted with the onset of fusion (day 10) observed in the control conditions (2% HS/DMEM) (Fig. 8) .
Creatine kinase activity increased at day 8 instead of day 10 in L6 cell cultures treated with 2 nM Dex (data not shown). Similarly, when ASC (0.1 mM) was added with the highest Dex dose (200 nM), myogenesis was accelerated. Our results provide evidence that dexamethasone at low dose (2 nM) markedly shortens the time gap to the onset of terminal differentiation of myoblasts.
Thus, the previously [3, 6] glucocorticoiddependent "boost" effect on muscle cell differentiation might evolve from higher abundance of ROS (H 2 O 2 ). This suggestion is corroborated by the view that antioxidants, including specific H 2 O 2 scavenger catalase, at higher doses abrogated the myogenic effect of Dex while at lower doses rescued the cells from Dex-induced cell death with concomitant stimulation of myogenesis.
As already mentioned, increasing the dose of Dex (2, 20, 200 nM) led to the progressive elimination of the cells with more than 85% of viable L6 cells being lost after the highest dose of Dex ( Fig. 7 ; P < 0.001) at day 4. might be easily triggered by direct action of dexamethasone with a striking similarity to the action of H 2 O 2 . H 2 O 2 belongs to the cytotoxic molecules, which are potent stimulants of growth, differentiation, growth retardation, and cell death. In our studies it was shown that H 2 O 2 did not stimulate mitogenicity, that is abrogated growth and induced apoptosis at higher concentrations. To a great extent, dexamethasone has growth modulation and necrobiotic effects which are similar to those of H 2 O 2 . When we added antioxidants, both H 2 O 2 -(data not shown) and Dex-induced apoptogenic effects were bypassed. We observed that CAT was equally effective with ASC and NAC in the protection against Dex-induced cell elimination. CAT is a potent and specific scavenger of H 2 O 2 so we assume that H 2 O 2 mediated this effect. Similar effects were observed by Tome et al. [44] when mouse thymoma cells were transfected with rat catalase. Moreover, in our experiment we measured the presence of H 2 O 2 and observed a marked increase of H 2 O 2 abundance in the cells treated with Dex. Thus, Sodium ascorbate -ASC (0.1 and 1 mM), or typical catalase -CAT (1 000 U . mL -1 ) or NAC (1 mM) each brought about a blockade of Dex-dependent L6 cell death with 100% efficacy (Figs. 11 and 12) . In order to show the causal relationship between the glucocorticoids and H 2 O 2 formation in muscle cells, we carried out the study directed on visualisation of H 2 O 2 after Dex treatment by a specific marker (DCFH-DA). After a 3-day treatment with Dex and other experimental factors, the presence (or absence) of H 2 O 2 was visualised by the reaction product dichlorofluorescein (DCF) in the fluorescent microscope while the differences were assessed with the use of automatic laser scanning cytometry and image analysis. A dose-dependent increase of H 2 O 2 was observed after Dex treatment, while a marked reduction of H 2 O 2 was found after ASC (1 mM) (Fig. 13) .
DISCUSSION
The present study convincingly showed that changes in muscle cell development we conclude that H 2 O 2 is a common signalling molecule that plays an important role in the regulation of the fate of mononuclear muscle cells. Recently, the concept of muscle cell activation by reactive oxygen species (ROS) was claimed by Anderson [2] . The author gave evidence that nitric oxide mediates satellite cell activation during muscle injury accompanied by Ca 2+ influx. The proposed model assumes NO • release, possibly via shear-induced rapid increase in NOS activity. Pharmacological inhibition of nitric oxide synthase (NOS) delays the hypertrophy of satellite cells. One should bear in mind, however, that nitric oxide at low concentrations (formed by constitutive forms of NOS) might act as a pseudo antioxidant (see the review [35] ). Nitric oxide inhibits aconitase, ribonucleotidyl reductase, glutathione peroxidase, cytochrome c oxidoreductase, NAD(P)H oxidase, xanthine oxidase or caspases [20, 27, 28, 32] . On the contrary shear stress which accompanies injured muscle also activates endothelial NAD(P)H oxidase with the superoxide anion radical being formed 
Dexamethasone effect on muscle cells
CuZnSOD to the culture media can block/activate events that are presumably occurring intracellularly, marked effects of these antioxidants are consistent with a role for oxidative stress in the mechanism of stimulation of growth, differentiation or cell death [10, 42] .
Anabolic reactions elevated by H 2 O 2 in muscle cells probably reflect the mechanism of antioxidant defenses triggered to synthesise rescue proteins. The issue of how and why antioxidant enzymes lead to similar effects remains ambiguous. Muscle cells synthesise proteins prior to division (proliferation) or when they are encouraged to differentiate. Since in this experiment H 2 O 2 did not significantly stimulate mitogenesis we conclude that exaggerated synthesis of cellular proteins could result from the initiation of myogenesis and/or from the compensation of the losses of intracellular oxidised proteins that were efficiently degraded and eliminated by the proteolytic systems. Based on the assumption that muscle cell differentiation is dependent on prooxidantantioxidant homeostasis, we argue that mononuclear muscle cells are primed by H 2 O 2 to synthesise antioxidant enzymes to the extent that prevents the initiation of myogenesis. Therefore, further studies directed to ascertain the effect of handicapped antioxidant defense systems on terminal differentiation (fusion) of myoblasts should be undertaken. Chronic treatment is needed to study myogenesis. To achieve at least in part this goal we conducted a 10-day experiment with increased doses of Dex. Apparently, in control conditions, L6 muscle cells started to form myotubes after 10 days of incubation (multinucleated postmitotic cells) but the process was significantly accelerated (8. day) after addition of Dex (2 nM). Higher doses (20, 200 nM) eventually caused cell death before any symptoms of muscle cell fusion occurred (6th or 4th day of treatment, respectively). Nevertheless, some antioxidants could prevent cell elimination. ASC efficiently inhibited cytotoxicity of Dex, moreover 100 mM of ASC after dismutation to H 2 O 2 which might easily diffuse and presumably activate/inactivate satellite cells [47] . Sundaresan et al. [42] the provided first evidence that the pathway by which ligand stimulation of ROS occurs in nonphagocytic cells involves the small GTP-binding proteins, Ras and Rac1. Formation of 3-phosphoinositides by PI-3K is crucial for binding through pleckstrinhomology domains of guanine nucleotide exchange factors (GEFs) specific for the Rho family of small GTPases, activates cdc42, Rac and Rho which then are able to interact with several downstream effectors including low output NAD(P)H oxidase [36] . Expression of activated Ras or activated Rac1 isoforms resulted in increased generation of O 2
•-, which is subsequently dismutated to H 2 O 2 [21] .
In muscle cells, we could not demonstrate a statistically significant increase of mitogenicity in response to H 2 O 2 over a wide range of concentrations (0.1-1 000 mM). Nevertheless, our observations were in agreement with the data presented by Tournier et al. [45] unmasked glucocorticoid-dependent myogenesis. Our results provide evidence that at low concentrations, glucocorticoids are able to shorten the time gap to the onset of terminal differentiation (fusion).
Protein synthesis was stimulated by Dex but this effect was in adverse proportions to the dose such that the higher the dose, the lower the protein synthesis. Hence, Dex, at a low dose (2 nM) was most efficient and by increasing cellular proteins in L6 muscle cells could be considered as a potent inducer of cell hypertrophy. Protein synthesis did not differ from the reference after 20 nM of Dex. Dex, at high dose (200 nM) inhibited protein synthesis in L6 cells but it turned out that this effect resulted from impaired cell viability rather than a retarded protein metabolism. The death-promoting effect of Dex was dose and time dependent. Extensive cell death occurred at day 4 after 200 nM of Dex (Fig. 7) . Since CAT (1000 U . mL -1 ), which is a specific scavenger of H 2 O 2 , abrogated the cell death promoting activity of Dex, we concluded that the cytotoxic effect of dexamethasone was mediated by H 2 O 2 . However, Dex-dependent necrobiology of mononuclear muscle cells differed from classical H 2 O 2 -induced cell death (Fig. 10) . The appearance of muscle cell senescence was found instead of fragmented chromatin in the pictures obtained from the electron microscope after 200 nM Dex treatment. This observation was in agreement with previous reports [13, 25] indicating that glucocorticoids might play a less clear physiological role in a progressive loss of muscle mass and developing mental dementia during ageing. The exact mechanism of glucocorticoid-induced cell death is unknown, although several reports indicate transcriptional glucocorticoid-mediated collapse of antioxidant systems with consequent ROS generation and an increase in calcium influx and structural deterioration of the cell [5, 8, 9, 25, 26, 38] . Moreover, increased ROS activities and decreased activity of superoxide dismutases (SODs) and catalase as well as key enzymes of the glutathione (GSH) redox cycle except glutathione S-transferase (GST) were observed in Dex treated lymphoblastic cell cultures and at the same time the process of programmed cell death (apoptosis) was accelerated [10] . Impaired viability, apoptosis or cell death induced by dexamethasone are mediated by the glucocorticoid hormone receptor (GHR) since GHR antagonists counteract the action of glucocorticoids [18, 23, 37, 43] . For lymphoblastic cells (T cells) [48] , thymocytes [15] , dendritic cells [24] , osteoblasts/osteocytes [46] and eosinophils [30] , glucocorticoids are known to be apoptogenic and ROS mediate such forms of cell elimination [19] . Alternatively, the differences observed in our experiment between H 2 O 2 and Dex action presumably resulted from higher H 2 O 2 abundance and cell necrosis. As shown in an acute 24-h experiment in particular experimental conditions such as high concentrations of H 2 O 2 , this reactive oxygen species can also lead to oxidative events implicated in apoptosis and/or necrosis [14] .
Thus, the same molecule might be an important module in the regulation of muscle differentiation but when its formation is excessive, or when the antioxidant defense is severely compromised due to biochemical demands or suppression by Dex, extensive generation of H 2 O 2 may lead to various pathological conditions with consequent cell death by apoptosis and/or necrosis. Our studies indicate that the molarity factor is a principal determinant of whether H 2 O 2 is detrimental to muscle function and development.
